Selective repression of the antifibrotic gene CXCL10 contributes to tissue remodeling in idiopathic pulmonary fibrosis (IPF). We have previously reported that histone deacetylation and histone H3 lysine 9 (H3K9) methylation are involved in CXCL10 repression. In this study, we explored the role of H3K27 methylation and the interplay between the two histone lysine methyltransferases enhancer of zest homolog 2 (EZH2) and G9a in CXCL10 repression in IPF. By applying chromatin immunoprecipitation, Re-ChIP, and proximity ligation assays, we demonstrated that, like G9a-mediated H3K9 methylation, EZH2-mediated histone H3 lysine 27 trimethylation (H3K27me3) was significantly enriched at the CXCL10 promoter in fibroblasts from IPF lungs (F-IPF) compared with fibroblasts from nonfibrotic lungs, and we also found that EZH2 and G9a physically interacted with each other. EZH2 knockdown reduced not only EZH2 and H3K27me3 but also G9a and H3K9me3, and G9a knockdown reduced not only G9 and H3K9me3 but also EZH2 and H3K27me3. Depletion and inhibition of EZH2 and G9a also reversed histone deacetylation and restored CXCL10 expression in F-IPF. Furthermore, treatment of fibroblasts from nonfibrotic lungs with the profibrotic cytokine transforming growth factorb1 increased EZH2, G9a, H3K27me3, H3K9me3, and histone deacetylation at the CXCL10 promoter, similar to that observed in F-IPF, which was correlated with CXCL10 repression and was prevented by EZH2 and G9a knockdown. These findings suggest that a novel and functionally interdependent interplay between EZH2 and G9a regulates histone methylation-mediated epigenetic repression of the antifibrotic CXCL10 gene in IPF. This interdependent interplay may prove to be a target for epigenetic intervention to restore the expression of CXCL10 and other antifibrotic genes in IPF.
Clinical Relevance
Idiopathic pulmonary fibrosis (IPF) is a fatal respiratory disease characterized by the accumulation of activated lung fibroblasts and excessive deposition of collagen, leading to distortion of the alveolar architecture and loss of lung function. Selective repression of the antifibrotic gene CXCL10 contributes to this tissue remodeling in IPF. We report that a novel interdependent interplay between the two histone lysine methyltransferases enhancer of zest homolog 2 (EZH2) and G9a regulates histone methylation-mediated epigenetic repression of the CXCL10 gene in IPF, but the machinery for CXCL10 expression remains intact. Thus, the interplay between EZH2 and G9a may represent a viable target for epigenetic intervention to reactivate CXCL10 and other silenced antifibrotic genes in IPF.
Idiopathic pulmonary fibrosis (IPF) is a deadly respiratory disease of unknown etiology with a median survival of 3-4 years and a lack of effective therapy (1) . IPF is characterized by the accumulation of activated lung fibroblasts (myofibroblasts) that are ultimately responsible for the excessive deposition of collagen, leading to distortion of the alveolar architecture, loss of lung function, and ultimately death (2) . Fibroblasts isolated from idiopathic pulmonary fibrosis lungs (F-IPF; activated lung fibroblasts) are phenotypically different from fibroblasts isolated from nonfibrotic lungs (F-NL) in that they express higher levels of a-smooth muscle actin (a-SMA) (3) and lower levels of antifibrotic genes such as cyclooxygenase-2 (COX-2) (4-6), Thy-1 (7, 8) , caveolin-1 (9) , and C-X-C motif chemokine 10 (CXCL10) (or interferong-inducible protein of 10 kD) (10, 11) . Recent studies strongly suggest that epigenetic dysregulation plays a key role in the targeted repression of these antifibrotic genes (4, 5, 7, 10, 12) .
CXCL10 is a strong inhibitor of angiogenesis (13) and can be induced by IL-1b and IFN-g (10) , but not by the profibrotic cytokine transforming growth factor-b1 (TGF-b1) (14) . It has been shown that lung fibroblasts and tissues from patients with IPF and the murine model of bleomycin-induced pulmonary fibrosis express significantly less CXCL10 than normal cells and tissues and that CXCL10 inhibits angiogenesis, lung fibroblast migration and proliferation, and subsequent lung fibrosis (11, (15) (16) (17) . In contrast, blockade of CXCL10 increases pulmonary fibrosis (15, 16) , and genetically targeting the CXCL10 receptor CXCR3 results in increased mortality with progressive interstitial fibrosis in bleomycin-induced pulmonary fibrosis (18) . These observations strongly suggest that CXCL10 deficiency, as a result of gene repression, plays a key role in aberrant tissue remodeling and the development of pulmonary fibrosis.
TGF-b1 is a major activator of lung fibroblasts both in vitro (19) and in vivo (20) . Although TGF-b1 treatment reduces the expression of antifibrotic genes (e.g., caveolin-1) in human lung fibroblasts (9) , whether it leads to alterations of epigenetic modifications of antifibrotic genes similar to those observed in F-IPF has not been explored.
Methylation of histone proteins at specific lysine residues plays a major role in the regulation of gene expression and repression. The most well-characterized histone methylations are histone H3 lysine 27 trimethylation (H3K27me3) and histone H3 lysine 9 di-/trimethylation (H3K9me2/3), which are generally correlated with gene repression (21) . H3K27me3 is catalyzed by the histone lysine methyltransferase (KMT) enhancer of zest homolog 2 (EZH2), the catalytic subunit of polycomb repressive complex 2 (PRC2) (22) . In contrast, histone lysine demethylases (KDMs), such as KDM6A and KDM6B (also known as jumonji domaincontaining protein 3 [JMJD3]), are enzymes capable of specifically demethylating H3K27me3 at gene promoters to derepress gene transcription (23, 24) . H3K9me2/3 is catalyzed by H3K9-specific KMTs such as G9a and G9a-like protein (25) . It has been shown that G9a can methylate H3K27 in vitro and in vivo (26, 27) , suggesting a cross-talk between H3K9 and H3K27 methylations.
A recent study has also demonstrated that G9a enzymatic activity can mediate EZH2 recruitment to regulate the repression of a subset of genes that are common targets of both enzymes (28) , thus providing direct proof of a functional interplay between G9a and EZH2. We have previously demonstrated that histone deacetylation and H3K9 methylation, but not DNA methylation, are involved in CXCL10 repression in IPF (10) . However, whether H3K27 methylation by EZH2 impacts CXCL10 repression in IPF and whether EZH2 enzymatic activity is required for G9a-mediated gene repression remain unknown. In this study, we explored the role of EZH2-mediated H3K27 methylation and the interplay between EZH2 and G9a in CXCL10 epigenetic repression in F-IPF. We found that EZH2 and G9a physically interact with each other at the CXCL10 promoter in F-IPF and that the interplay between EZH2 and G9a plays a key role in the epigenetic repression of CXCL10 in IPF. Some of the results of these studies were previously reported in the form of an abstract (29) .
Methods
Cell Culture F-IPF and F-NL were supplied by Dr. Feghali-Bostwick (University of Pittsburgh) and were described before (10, 30) . IL-1b (R&D Systems) was used to induce CXCL10 expression (10) . For TGF-b1 treatment, F-NL were incubated with TGF-b1 (R&D Systems) for 3 days before analyses or treatment with IL-1b and siRNAs.
Chromatin Immunoprecipitation and Re-ChIP
Chromatin immunoprecipitation (ChIP) was performed using the ChIP-IT Express Kit and the Re-ChIP-IT Express Kit (Active Motif), as described elsewhere (5, 10) , with antibodies against H3K27me3, H3K9me3, EZH2, acetylated and total H3 and H4 (Merck Millipore), and G9a (Santa Cruz Biotechnology). The Re-ChIP was conducted with chromatin from the first ChIP using antibodies against the secondary targets.
JMJD3 Overexpression
F-IPF (80% confluent) were incubated with pMSCV vectors encoding human JMJD3 (pMSCV-JMJD3) or a mutant variant lacking catalytic activity (pMSCV-mJMJD3) (Addgene) (31) or with empty vectors (1 mg), premixed 2:1 with TransFast (Promega) for 72 hours before being treated with IL-1b for 4 and 24 hours. mJMJD3 and JMJD3 overexpression was assessed by Western blotting with an antibody recognizing both JMJD3 and mJMJD3 (Santa Cruz Biotechnology).
Inhibitor Study and siRNA Transfection F-IPF were pretreated with 10 nM EZH2 inhibitor 3-Deazaneplanocin A (DZNep; Cayman Chemical) (32) for 3 days before being treated with IL-1b for 4 and 24 hours for epigenetic analyses and for CXCL10 mRNA and protein expression by real-time RT-PCR and ELISA, respectively (10 
Statistical Analysis
Data were presented as mean 6 SEM of experiments with three to six separate cell lines. Data were examined for normality using Shapiro-Wilk and Pearson's chisquare tests. ANOVA was used to evaluate statistical significance of the mean values between F-NL and F-IPF, which was followed by Student's t test for comparisons at specific time points. P , 0.05 was regarded as statistically significant.
Results
H3K27me3 Is Increased at the CXCL10 Promoter in F-IPF and Is Reduced by EZH2 Inhibition and JMJD3 Overexpression
We have previously shown that H3K9me3 is increased at the CXCL10 promoter in F-IPF compared with F-NL (10) . Because H3K27me3 is another typical histone methylation mark linked to repressive chromatin, we next analyzed its presence at the CXCL10 promoter by ChIP assay. We observed that under both unstimulated and IL-1b-stimulated conditions, H3K27me3 at the CXCL10 promoter was markedly elevated in F-IPF compared with F-NL ( Figure 1A ). In addition, the association of EZH2, the KMT responsible for H3K27me3, with the CXCL10 promoter was also consistently increased in F-IPF compared with F-NL with or without IL-1b treatment ( Figure 1B) . The data suggest that H3K27, like H3K9, is also hypermethylated at the CXCL10 promoter in F-IPF as a result of increased recruitment of EZH2. To determine whether EZH2 inhibitors and the specific H3K27me3 demethylase JMJD3 could modulate H3K27me3 at the CXCL10 promoter, we examined the effect of the EZH2 inhibitor DZNep and overexpression of JMJD3 in F-IPF cells. Treatment of the cells with DZNep, alone or with IL-1b, reduced H3K27me3 at the CXCL10 promoter by 45% and 70%, respectively ( Figure 1C ), compared with untreated cells. Transfection of F-IPF with pMSCVmJMJD3 and pMSCV-JMJD3 showed increased expression of mutated and wildtype JMJD3, respectively, whereas transfection with empty vector and treatment with IL-1b, either alone or with the vectors, had no effect on JMJD3 expression ( Figure 1D ). Furthermore, overexpression of wild-type JMJD3, but not the mutated mJMJD3 lacking JMJD3 enzymatic activity, in both control and IL1b-treated cells markedly reduced H3K27me3 association with the CXCL10 promoter ( Figure 1E ). The results thus suggest that EZH2 is critically involved in H3K27me3 at the CXCL10 promoter in F-IPF and that inhibition of EZH2 and overexpression of JMJD3 can reduce H3K27me3 and impact CXCL10 repression.
H3K27me3 and H3K9me3 at the CXCL10 Promoter Are Reduced by EZH2 and G9a siRNAs Figure 1C and our previous study (10) show that inhibitors of EZH2 and G9a reduce H3K27me3 and H3K9me3, respectively, at the CXCL10 promoter. To further validate the role of EZH2 and G9a in mediating CXCL10 repression in F-IPF, EZH2 and G9a siRNAs were applied. As shown in Figure 2A , EZH2 and G9a siRNAs, but not the control siRNA, completely abolished their respective target gene expression. Like the EZH2 inhibitor DZNep, EZH2 siRNA, but not the control siRNA, either alone or with IL-1b, reduced H3K27me3 at the CXCL10 promoter by 73% and 44%, respectively, compared with untreated cells ( Figure 2B ). Similarly, like the G9a inhibitor BIX-01294 (10), G9a siRNA, but not the control siRNA, either alone or with IL-1b, reduced H3K9me3 at the CXCL10 promoter by 85% and 83%, respectively, compared with untreated cells ( Figure 2D ). The data confirm the effect of the EZH2 and G9a inhibitors in Figure 1C and in our previous study (10) and suggest a key role for EZH2 and G9a in mediating H3K27me3 and H3K9me3, respectively, at the CXCL10 promoter in F-IPF.
Cross-Talk between EZH2 and G9a at the CXCL10 Promoter in F-IPF To explore the cross-talk between EZH2 and G9a, we first applied ChIP to assess whether G9a knockdown with siRNA could affect EZH2-induced H3K27me3 and vice versa. We found that G9a knockdown significantly reduced EZH2 and H3K27me3 at the CXCL10 promoter ( Figures 3A and  3B) ; similarly, EZH2 knockdown with siRNA also led to a significant reduction of G9a and H3K9me3 at the CXCL10 promoter ( Figures 3C and 3D ). In addition, the Re-ChIP assay revealed the presence of EZH2 in the immunoprecipitate (IP) of G9a ( Figure 3E ) and the presence of G9a in the IP of EZH2 ( Figure 3F ) at the CXCL10 promoter in unstimulated F-IPF, suggesting physical interactions between the two KMTs. To further confirm physical interaction between EZH2 and G9a proteins, PLA was conducted in unstimulated F-IPF. As shown in Figure 3G , strong red PLA signals were detected in untreated and control siRNA-transfected F-IPF; however, the signals were markedly reduced when G9a was knocked down. Because PLA signals were produced when the two PLA probes bound, which took place only if both EZH2 and G9a were closer than 40 nm, these observations strongly suggest that EZH2 and G9a physically interact with each other and regulate repressive histone methylation at the CXCL10 promoter in F-IPF in an interdependent manner. IL-1β Figure 1 . Histone H3 lysine 27 trimethylation (H3K27me3) is increased and modulated at the CXCL10 promoter in fibroblasts from idiopathic pulmonary fibrosis lungs (F-IPF). (A and B) Confluent and serum-starved fibroblasts from nonfibrotic lungs (F-NL) and F-IPF cells were treated with IL-1b (1 ng/ml) for the times indicated. F-IPF cells were incubated with (C) 3-deazaneplanocin A (DZNep) (10 nM) or (D and E) transfected with empty vector, pMSCVmJMJD3, or pMSCV-JMJD3 before being treated with IL-1b (1 ng/ml) for a further (C and E) 4 hours or (D) 24 hours. Chromatin immunoprecipitation was conducted with specific antibodies against (A, C, and E) H3K27me3, (B) enhancer of zest homolog 2 (EZH2), and (A, B, C, and E) total histone H3. The associated CXCL10 promoter DNA was amplified by real-time RT-PCR, and the amount was calculated and normalized to (A, C, and E) total histone H3 or (B) input control. Data are expressed as mean 6 SEM of experiments with six separate F-NL and/or F-IPF cell lines performed in duplicate. *P , 0.05, **P , 0.01 compared with corresponding F-NL or untreated F-IPF cells. (D) Total cell lysates were collected for Western blot analysis of mutant variant of jumonji domain-containing protein 3 (mJMJD3) and jumonji domain-containing protein 3 (JMJD3) overexpression with b 2 -microglobulin (b2M) as the loading control. This is representative of three separate experiments with different F-IPF cell lines.
Histone Acetylation at the CXCL10 Promoter in F-IPF Is Increased by EZH2 and G9a Inhibition
To further validate the role of EZH2 and G9a in mediating CXCL10 epigenetic repression in F-IPF, the effect of EZH2 and G9a inhibition on histone acetylation was assessed. As shown in Figure 4 , treatment of F-IPF cells with either DZNep or IL-1b alone did not significantly alter histone H3 and H4 acetylation at the CXCL10 promoter. However, like G9a inhibition by BIX-01294 (10), EZH2 inhibition markedly increased histone H3 and H4 acetylation in cells treated with both DZNep and IL-1b compared with cells treated with IL-1b alone ( Figures 4A and 4B) . Similarly, treatment of F-IPF with G9a siRNA or EZH2 siRNA alone had no significant effect on histone H3 and H4 acetylation without cytokine stimulation; however, marked increases were observed with IL-1b stimulation compared with untreated cells (Figures 4C and 4D ). These data strongly suggest that G9a and EZH2 play a key role in mediating not only repressive histone methylation but also histone deacetylation at the CXCL10 promoter in F-IPF.
CXCL10 Expression in F-IPF Is Restored by EZH2 and G9a Inhibition
To investigate whether EZH2 and G9a inhibition could lead to CXCL10 gene derepression, F-IPF cells were treated with DZNep or JMJD3 overexpression, either alone or with the potent CXCL10 inducer IL-1b. DZNep and JMJD3 overexpression alone had no effect on CXCL10 mRNA expression, as analyzed by real-time RT-PCR, whereas marked increases in CXCL10 mRNA were observed when cells were treated with either DZNep or JMJD3 overexpression together with IL-1b compared with IL-1b alone ( Figures 5A  and 5C ). ELISA analysis revealed no increase in CXCL10 protein expression when cells were treated with DZNep and slight increases when cells were treated with empty vector or overexpression of mJMJD3 and JMJD3 compared with untreated control cells. However, when cells were treated with DZNep or JMJD3 overexpression together with IL-1b, marked increases in CXCL10 protein expression were observed compared with cells treated with IL-1b alone ( Figures 5B  and 5D ). Furthermore, knocking down EZH2 and G9a with siRNAs alone did not markedly increase CXCL10 mRNA and protein expression. However, when cells were then stimulated with IL-1b, significant increases in CXCL10 mRNA and protein were observed compared with cells treated with IL-1b alone ( Figures 5E and 5F ). The results thus show that EZH2 and G9a inhibition not only removes repressive histone modifications at the CXCL10 promoter but also restores the capacity of F-IPF cells to express CXCL10 and D) total histone H3. The immunoprecipitates (IPs) of (E) G9a and (F) EZH2 were immunoprecipitated again with antibodies against (E) EZH2 and (F) G9a. The associated CXCL10 promoter DNA was amplified by real-time RT-PCR, and the amount was calculated and normalized to (B and D) total histone H3 or (A, C, E, and F) input control. Data are expressed as mean 6 SEM of experiments with six separate F-IPF cell lines performed in duplicate. **P , 0.01 compared with untreated cells. Serum-starved F-IPF cells grown on sterile glass coverslips were fixed in 4% paraformaldehyde. In situ interaction between EZH2 and G9a was detected by proximity ligation assay with primary mouse anti-EZH2 antibody and rabbit anti-G9a antibody as well as by proximity ligation assay probes Anti-Mouse MINUS and Anti-Rabbit PLUS. (G) Amplified DNA was detected by Duolink In Situ Detection Reagents Red, and DAPI (blue) was used to identify the nuclei. Images are representative of three separate experiments with different F-IPF cell lines. Scale bars: 20 mm. therefore strongly suggest a central role for EZH2 and G9a interplay in mediating CXCL10 epigenetic repression in IPF.
TGF-b1-induced Epigenetic Repression of CXCL10 in F-NL Is Mediated by an Interdependent Cross-talk between EZH2 and G9a
Because TGF-b1 is a potent profibrotic cytokine that may play a key role in the phenotypic changes observed in F-IPF compared with F-NL, we next explored whether TGF-b1 treatment of F-NL could lead to repressive histone modifications at the CXCL10 promoter and CXCL10 repression, similar to those observed in F-IPF, and to assess the role of the crosstalk between EZH2 and G9a in this process. As shown in Figure 6 , TGF-b1 treatment significantly increased the association of EZH2 and G9a to the CXCL10 promoter in F-NL ( Figures 6A and 6C ). This was mirrored by corresponding increases of H3K27me3 and H3K9me3 ( Figures 6B and  6D ). Knocking down EZH2 with siRNA markedly reduced TGF-b1-induced association of not only its target protein EZH2 ( Figure 6A ) but also G9a to the CXCL10 promoter ( Figure 6C ). Likewise, knocking down G9a with siRNA markedly reduced TGF-b1-induced association of not only its target protein G9a ( Figure 6C ) but also EZH2 to the CXCL10 promoter ( Figure 6A ). Similar cross-inhibition was also observed for both H3K27me3 and H3K9me3 with either EZH2 siRNA or G9a siRNA ( Figures 6B and 6D ). In addition, TGF-b1 treatment also led to significant reduction of active histone H3 acetylation ( Figure 6E ) and H4 acetylation ( Figure 6F ) at the CXCL10 promoter in F-NL; however, this was largely prevented by siRNA knockdown of either EZH2 or G9a ( Figures  6E and F) . Furthermore, TGF-b1 treatment also induced a significant reduction of IL-1b-induced CXCL10 production in F-NL compared with cells treated with IL-1b alone, and this downregulation was also prevented by EZH2 or G9a siRNA knockdown ( Figure 6G ). These observations suggest that the interdependent cross-talk between EZH2 and G9a also plays a key role in TGF-b1-induced epigenetic repression of CXCL10 in F-NL and thereby further support the importance of EZH2 and G9a in mediating CXCL10 epigenetic repression in IPF.
Discussion
We have previously demonstrated that H3K9 methylation is involved in CXCL10 repression in IPF (10) . The main novel findings of the present study are that EZH2-mediated H3K27me3 was also significantly increased at the CXCL10 promoter in F-IPF and that EZH2 and G9a interacted with each other at the CXCL10 promoter, as demonstrated by Re-ChIP assay. More importantly, we found that EZH2 siRNA markedly reduced not only EZH2 and H3K27me3 but also G9a and H3K9me3 and that G9a siRNA markedly reduced not only G9a and H3K9me3 but also EZH2 and H3K27me3 at the CXCL10 promoter. EZH2 and G9a siRNAs also led to increased histone acetylation and restored CXCL10 expression in F-IPF. Furthermore, treatment of F-NL with TGFb1 largely recapitulated EZH2-and G9a-mediated repressive histone modifications and CXCL10 repression observed in F-IPF. To the best of our knowledge, this is the first report to suggest that a functionally interdependent cross-talk between EZH2 and G9a regulates the epigenetic repression of antifibrotic genes in any fibrotic condition.
It is well established that EZH2-and G9a-mediated histone hypermethylation contributes to the epigenetic silencing of tumor suppressor genes. We have previously shown that the G9a specific inhibitor BIX-01294 reduces H3K9 methylation and the recruitment of additional chromatin modifiers but increases histone H3 and H4 acetylation at the CXCL10 promoter in F-IPF (10) . In this study, we report that the EZH2 inhibitor DZNep not only reduced H3K27me3 as expected but also increased histone H3 and H4 acetylation at the CXCL10 promoter. Similarly, H3K27me3 was also reduced by overexpression of the H3K27me3-specific demethylase JMJD3 (Figures 1 and 4) . The data suggest that EZH2, like G9a, also plays a role in CXCL10 epigenetic repression in IPF. However, epigenetic inhibitors may display off-target effects, as demonstrated by a recent study showing inhibition of both EZH2 and the H3K9 KMT SETDB1 by DZNep (32) . It is therefore necessary to apply siRNA knockdown to validate the findings with epigenetic inhibitors. We also revealed that successful siRNA knockdown of EZH2 and G9a recapitulated the effects of EZH2
and G9a inhibitors in this (Figures 2 and 4 ) and previous (10) studies. This is consistent with recent findings that EZH2 and G9a knockdown reduces H3K27me3 and H3K9me3 at the COX-2 promoter and restores COX-2 expression in F-IPF cells (5), as well as that G9a knockdown reduces H3K9 methylation at the promoters of the epithelial cell adhesion molecule and E-cadherin and restores their expression in lung cancer cells (33) and human breast cancer cells (34) . As a result of the removal of epigenetic repression by inhibition and knockdown of EZH2 and G9a, active epigenetic modifications, such as histone acetylation, and the capability of F-IPF to express CXCL10 in response to IL-1b were restored. These observations thus suggest that EZH2-and G9a-mediated histone methylation is closely associated with the epigenetic repression of a group of antifibrotic genes including COX-2 and CXCL10 in IPF and that inhibition and knockdown of these two KMTs switch local epigenetic status from repressive to active in response to IL-1b. However, although G9a and EZH2 are important in the epigenetic repression of antifibrotic genes in IPF and G9a and EZH2 are upregulated in a number of different cancers to maintain the malignant phenotype (35, 36) , our observations suggest that increased expression is not necessarily a prerequisite for their repressive effect. In fact, we have previously reported that there is no difference in the global expression of EZH2 and G9a between F-IPF and F-NL (5, 10). The increase of H3K27me3 and H3K9me3 at the CXCL10 promoters in F-IPF is therefore likely due to gene promoter-specific recruitment of EZH2 and G9a. Although H3K27 and H3K9 methylation is catalyzed by different lysinespecific KMTs, they share common functions in gene silencing and have similar roles in the control of many cellular processes. Cross-talk between the two methylation marks has also been suggested. For instance, G9a has been shown to methylate H3K27 in vitro and in vivo (26, 27) . However, the underlying mechanisms were unclear until a recent study demonstrated that G9a interacts physically and functionally with PRC2 and that G9a enzymatic activity mediates the recruitment of EZH2 to specific target genes to enable H3K27me3, thus providing direct proof of an interplay between the two main histone lysine methylation mechanisms to ensure epigenetic gene silencing (28) . To find out whether this interplay is involved in the epigenetic repression of antifibrotic genes in IPF and whether EZH2 can regulate G9a-mediated gene repression through H3K9me3, we applied a Re-ChIP assay to explore the physical interaction between EZH2 and G9a at the CXCL10 promoter in F-IPF. The findings that EZH2 was detected in the IP of G9a and G9a was detected in the IP of EZH2 suggest that the two KMTs colocalize at the CXCL10 promoter ( Figure 3 ). This was further confirmed by the PLA demonstrating that EZH2 and G9a physically interact with each other in the nuclei of F-IPF ( Figure 3 ). We also demonstrated that EZH2 siRNA markedly reduced not only EZH2 and H3K27me3 but also G9a and H3K9me3 at the CXCL10 promoter and vice versa with G9a siRNA. Because the EZH2 and G9a siRNAs we used knocked down the expression of only 
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their respective specific genes, but not the other (5) , and because the expression of PRC2 core members, including EZH2, was not affected by the absence of G9a (28), our data suggest that the local presence of EZH2 and G9a is required for the recruitment, not the expression, of each other to the CXCL10 promoter and that the two KMTs act cooperatively and interdependently to regulate CXCL10 epigenetic repression in IPF. This is further supported by the observations that histone acetylation was increased at the CXCL10 promoter and that CXCL10 expression was restored in response to IL-1b by the knockdown of either EZH2 or G9a with siRNA. We noticed that EZH2 siRNA-and G9a siRNA-induced reduction in H3K27 and H3K9 methylation was not compensated by other H3K27 and H3K9 KMTs. This is unlikely due to the off-target effects of the siRNAs on other KMTs. Several lines of evidence indicate that the depletion of one subunit of the H3K9 KMT complex or the PRC2 complex can lead to the destabilization of other subunits at the protein but not the mRNA level. For instance, depletion of G9a leads to the destabilization of other H3K9 KMTs, such as G9a-like protein, SETDB1, and SUV39H1, and results in reduced H3K9me2/me3 on G9a target genes, indicating that the integrity of these KMTs is interdependent (37) . Similarly, depletion of EZH2 leads to the destabilization of other core components of the PRC2 complex, such as SUZ12 and EED, and results in reduced H3K27me3 on PRC2 target genes (38) . It is therefore possible that the destabilization of the other KMTs, as a result of EZH2 and G9a depletion, may also contribute to the reduction in H3K27 and H3K9 methylation in siRNA-transfected cells. Further investigation is required to confirm this.
It is increasingly recognized that F-IPF represent a persistently activated phenotype of lung fibroblasts and play a key role in the development and progression of IPF and that these cells are epigenetically reprogrammed so that a group of antifibrotic genes, including CXCL10, COX-2, and Thy-1, are epigenetically repressed in a way similar to the epigenetic silencing of tumor suppressor genes in cancers. We provide further evidence that dysregulated histone methylation contributes to CXCL10 epigenetic repression in F-IPF by comparing the cells with F-NL. However, one clear limitation of this comparative study is that we explored the epigenetic events at the end of the disease process. Although the results are novel and valuable in the understanding of the epigenetic mechanisms involved in the epigenetic repression of antifibrotic genes in IPF, little is known about whether similar repressive histone modifications and mechanisms can be established in vitro with factors that promote persistent fibroblast activation and pulmonary fibrogenesis. We report that treatment of F-NL with the profibrotic cytokine TGF-b1 increased EZH2, G9a, H3K27me3, H3K9me3, and histone deacetylation at the CXCL10 promoter, similar to that observed in F-IPF. These epigenetic modifications were correlated with the repression of IL-1b-induced CXCL10 and were prevented by EZH2 and G9a siRNAs. These findings strongly suggest that TGF-b1 treatment of lung fibroblasts can recapitulate the epigenetic events associated with CXCL10 repression in F-IPF and further support an important role of the interdependent cross-talk between EZH2 and G9a in mediating CXCL10 epigenetic repression in IPF. It is worth noting that although IL-1b is regarded as a profibrotic cytokine (39) , it exhibits antifibrotic effects such as induction of antifibrotic genes COX-2 (4, 5) and CXCL10 (10) in normal lung fibroblasts and inhibition of TGF-b1-induced myofibroblast formation and collagen synthesis (40) . However, in TGF-b1-treated F-NL, the capability to express antifibrotic genes COX-2 (41) and CXCL10 (present study) in response to IL-1b is markedly reduced, similar to that observed in F-IPF (4, 5, 10) , resulting in unopposed profibrotic effects of both TGF-b1 and IL-1b. Our observations provide early evidence that repressive epigenetic modifications can be introduced, at least to some extent, by TGF-b1 treatment, leading to the repression of IL-1b-induced antifibrotic genes in IPF. However, further studies are needed to understand the order of epigenetic events and the mechanisms responsible for the maintenance of these epigenetic modifications and the profibrotic phenotype of the cells. Because antifibrotic genes are important to maintaining the nonfibrotic phenotype of lung fibroblasts, it is plausible that epigenetic inhibitors, by preventing antifibrotic gene repression, could contribute to the maintenance of the phenotype of F-NL. Preliminary data derived from our ongoing studies indeed show that the HDAC inhibitors suberoylanilide hydroxamic acid (vorinostat) and LBH589 as well as the G9a inhibitor BIX-01294 reduce TGF-b1-induced expression of type I collagen and a-SMA in F-NL and that depletion of G9a and EZH2 reduces basal-level expression of type I collagen and a-SMA in F-IPF (unpublished data), but the role that antifibrotic genes, such as CXCL10 and COX-2, play in this process remains to be investigated.
In conclusion, our data strongly suggest that a novel, interdependent interplay between EZH2 and G9a plays a key role in the regulation of the epigenetic repression of CXCL10 and potentially other antifibrotic genes in IPF (Figure 7 ). Our data also suggest that the machinery for the expression of these genes in IPF remains intact and functional and can mediate derepression once the repressive epigenetic modifications are removed. Thus, the interplay between EZH2 and G9a may represent a viable target to reactivate silenced antifibrotic genes for the therapeutic development for this fatal disease. n
